Journal Pre-proof

Investigation of high temperature behavior of AISi10Mg produced by selective laser
melting

Carlo Alberto Biffi, Paola Bassani, Jacopo Fiocchi, Donatella Giuranno, Ausonio
Tuissi, Enrica Ricci

PII: S0254-0584(20)31335-3
DOI: https://doi.org/10.1016/j.matchemphys.2020.123975
Reference: MAC 123975

To appearin:  Materials Chemistry and Physics

Received Date: 7 June 2020
Revised Date: 23 September 2020
Accepted Date: 22 October 2020

Please cite this article as: C.A. Biffi, P. Bassani, J. Fiocchi, D. Giuranno, A. Tuissi, E. Ricci, Investigation
of high temperature behavior of AISi10Mg produced by selective laser melting, Materials Chemistry and
Physics, https://doi.org/10.1016/j.matchemphys.2020.123975.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.matchemphys.2020.123975
https://doi.org/10.1016/j.matchemphys.2020.123975

Credit author Statement

All the authors: Experimental, data curation and analysis, writing draft and final manuscript.



I nvestigation of high temperature behavior of AIS 10Mg produced by selective
laser melting

Carlo Alberto Biffi*, Paola Bassani', Jacopo Fiocchi®, Donatella Giuranno?, Ausonio Tuissi*” and
Enrica Ricci®

! National Research Council of Italy - Institute of Condensed Matter Chemistry and Technologies
for Energy, Unit of Lecco, CNR ICMATE; ViaPreviati 1/E, 23900 Lecco, Italy.
% National Research Council of Italy - Institute of Condensed Matter Chemistry and Technologies

for Energy, Unit of Genova, CNR ICMATE; Viade Marini, 6, 16149 Genova, Italy.

Abstract

Among additive manufacturing (AM) processes, Selective Laser Melting (SLM) is the most
diffused layer by layer method for manufacturing 3D components. It is based on loca melting,
induced by a laser scanning, on a powder bed; the limited dimensions of the liquid pool provoke
rapid cooling rates which can be associated to significantly finer microstructure than the one
obtained by a conventional casting process. Moreover, being the remelting of pre-existing pools, it
is of relevant interest to investigate the wettability and the reactivity at high temperature of alloys
produced by SLM. In the panorama of alloys for AM, the AISIMg system is one of the most used,
as it belongs to wide family of the Al-Si alloys, extensively used for conventional casting and die-
casting technologies, and it offers good weldability. Therefore, the present work has the goa of
investigating the high temperature behavior of the SLMed AISIMg parts. Wettability tests on Al,O3
plates were performed considering two different atmospheres (vacuum and Argon) and the contact
angle results compared; surface morphology together with the microstructures and the chemical

composition variations were analyzed.
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Abstract

Among additive manufacturing (AM) processes, thiedee laser melting (SLM) is the most
diffused layer by layer method to produce 3D congms. It is based on local melting of the
metallic powder by means of a focused laser sotlm@escanning the powder surface. Hence, the
rapid solidification rates of the small liquid psahduce a peculiar microstructure with grainsifine
than the one obtained by conventional casting ps®E® Since new layers solidify on top of pre-
existing solidified pools, it is definitely inter@sg to investigate the wettability and the reaityiat
high temperature of SLMed alloys. Therefore, thespnt work has the goal of investigating the
high temperature behavior of the widely used AlSidMigy, produced by SLM. Wettability tests on
Al,O3 plates have been performed under two differenbapheres (vacuum and Argon) and the
contact angle values compared. In order to askes®liability of the contact angle data obtained i
the present work, the results were analyzed usargpws predictive models and compared to the
literature data. Surface morphology together whi microstructures and the chemical composition
variations were analyzed. In particular, surfacelatcon and Mg evaporation under vacuum were
found to represent the main problems, providingriggting insights on the SLM processing of

aluminum alloys.
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1. Introduction

Metal-based additive manufacturing (AM), belongtoghree-dimensional (3D) printing processes,
is a rapidly expanding advanced industrial processyhich high power density heat source is
adopted for locally melting a portion of feedstaukterial for the construction of complex shaped
parts. Starting from the CAD file of the origindesch, layer by layer building strategy allows to
produce components with high degree of geometrocathplexity. Among the different AM
technologies, the most diffused is the so-callet@ige Laser Melting (SLM), in which a laser
beam scans the surface of a thin powder bed fainget only where the construction of the part is
required. By the repetition of the powder meltirighe next layers, namely layer by layer building,
the realization of the 3D part is allowed [1-2]. eTipossibility of producing tailored parts or
particular forms even with complex geometries tlcauld not be easily obtained by the
conventional processes is one of the major advastafjthis technology [3, 4].

SLM may be rightfully considered as a rapid soiadifion metallurgical process because of cooling
rates being as high as®00° °C/s. This feature is also connected to the highperature gradient
induced by the small size of the melt pool anddéerse energy input locally delivered by the laser
source. This out-of-equilibrium condition can inrtunduce cellular growth of the material upon
solidification, as well as the formation of supéusated solid solutions and metastable phases,
which are far less common in conventionally calstyal[5-6].

Few metallic compounds can be reliably processe8ldy among them aluminum alloys that are
expected to be employed for improving the efficken€ light structural or heat controller parts [7-
8]. We focused our attention on AlISilOMg (Al-9.64545Mg, at %) with typical near eutectic

composition. Again, it shows good thermal conduttiand high reflectivity [9], good weldability



[10] and low shrinkage. In addition, due to its damechanical properties [11-16] AISi10OMg is
widely used for complex shape casting. Furthermdine, age hardening can be induced by
precipitation of the Mgfi phase, generally known Aphase [17].

Oxidation is certainly one of the drawbacks of Akbgessing of aluminum alloys [11]. Therefore,
oxide formation is a severe impediment to a welitgband can cause defects such as balling.
Moreover, the issues related to oxidation duriregg &M can be amplified due to the high surface
to volume ratio of the micrometric metallic powdelrs fact, the control and the correct storage of
the powder is an aspect currently investigategfeserving the quality and purity of the feedstock
material.

AM process should guarantee low oxidation levem@intain surface properties close to those of
the reference alloy [18]. Indeed, it has been shthahalthough the additive manufacturing process
is carried under inert atmosphere, the formatioswface oxide films [8, 19] which can strongly
influence the wetting characteristics [20, 21,22cws. Several studies on the wettability of
aluminum and the influence of oxygen on it havenbeenducted [23-26], on the contrary, very few
data are available on the wettability of AISiMgaosts. For this purpose, in the present work a study
was conducted on the behavior of Al-10Si-0.4Mg @4} alloy, hereinafter referred to as the
AISiMg alloy, produced by SLM at high temperatureorder to highlight possible differences with
respect to both the conventional cast Al-Si allag @ure Al, wettability tests were carried out on
Al,O3 substrates under different environmental conditidbentact angles obtained from sessile
drop tests in two different operative conditionsreve&eompared and surface morphology and
microstructures of the processed samples were mthlyThe energetics of the liquid AISiMg/
Al,0O3; system was described in terms of the contact aagtethe work of adhesion combining

Butler’s, Young’s and Dupré’s equations [27].



2. Materialsand Methods

2.1 Sample preparation

AlSiMg alloy was processed by SLM (mod. AM250 fradenishaw), starting from powders with
mesh size ranging from 20 um and 63 pm and avesiageof approximately 45 um. The powders
chemical composition is reported in Table 1. MaitMSparameters, used for the manufacturing of

the samples, are listed in Table 2.

Table 1. Chemical composition of the AlISi10Mg powder (w} %

Si Mg Cu Ni Fe Mn Ti Al
10 0.4 <0.25<0.05 <0.25 <0.1 <0.15 bal.

Table 2. Process parameters used for the realizationeoAl8i10Mg samples

Process parameter Value
Average power 300 W
Exposure time 120 ps
Spot size 130 pm
Layer thickness 25 um
Building temperature  25°C
Point distance 130 um
Hatch distance 140 pm
Atmosphere Argon

2.2 Wettability measurements

The wetting experiments of SLMed AISiMg alloy on.@ substrate were performed using the
classical sessile drop technique [28,29,30]. Dusngh experiments, the time-evolution of the
contact anglef)), liquid metal drop's base radius and the dropight during the rise of temperature

which was measured by a calibrated pyrometer, amatored.



The measurements have been performed in ad hocappa@onsisting of an induction horizontal
furnace, heated by an 800 kHz high-frequency géorer@upled to graphite heather [18]. The
apparatus is provided by a high resolution CCD cana@d a specific combined image analysis-
software, ad hoc developed (ASTRA view) [19], alilogythe liquid metal drop's profile to be

acquired.

From the alloy manufactured using SLM process, $asnpf about 0.2 g were mechanically
scratched and then cleaned using the ultrasonanettbath for 5 minutes. Then the alloy sample
was placed on a plate of dense@y (Degussit Al25: purity> 99.5% by weight, densit:8 g cm

% with dimensions 1 x 1 cm (surface roughness ofR& ) and introduced into the center of the
furnace. After degassing and kept under vacuug P 10° Pa) for two hours, the desired

atmosphere was imposed, i.e. a vacuum or statit atmosphere of pure argon gas (99.999%,
Argon-Alphagas 2) and heating started. A heatirig cd 500 C ° / min was applied to reach the
final temperature (). The isothermal conditions were maintained foowtb20 minutes before

cooling to room temperature.

The wetting behavior of SLMed AISiMg alloy on &); substrate was tested both under vacuum,
characterized by a total pressure P Z P@, and under a pure Ar- atmosphere, total pre$zut0

Pa. The contact angle was measured as a functiimefind temperature.

2.3 SQurface mor phology and microstructure analysis.

The morphology and the chemical composition of uguefaces and cross sections of the samples
subjected to wetting characterization, were anayxzg scanning electron microscopy (FEG-SEM
mod. SU70 from Hitachi) and EDXS (mod. UltraDry elgbr and Noran System Seven suite from
Thermo Scientific). After general inspection, penied in order to observe both surface and triple

point, the specimens were cut with a metallogragiamond saw along a diameter of the drop and



polished for the analysis of the cross section. dbgervations were performed with acceleration

voltages in the range 5-15 kV.

3. Results and Discussion

3.1 Experimental results

The characteristic microstructure of SLMed AlSiMgnwle, in as built condition, is shown in
Figure 1 and Figure 2. Thanks to the high cooliates reached during the SLM process,
supersaturated eutectic Si rich phase is spreadthat Al matrix under the form of a continuous

cellular network. EDXS results confirm the chemicamposition of the Al rich matrix and the Si

rich network, respectively.
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Figure 1. SEM image of SLMed AlSiMg showing the points fdDES measurements; 1-
representative EDX spectra of the Al matrix, 2-¢k8ular Si rich network, and 3- a thin oxide
layer with also Mg. Spectra were cropped at theesamunt number in order to highlight the

difference between Si, O and Mg relative content.



Al

Mg i

SU70 20.0kV 11.3mm x11.0k SE(U)

Figure 2. Cross section of the SLMed AISiMg alloy indicatithe presence of oxides layers
surrounding previous melting pools or balling lid\ieft); EDXS compositional analysis related to
the points 1-2. Spectra were cropped at the saong coimber in order to highlight the difference

between O and Mg relative content (right).

A typical microstructure of AMed Al alloys, characdzed by primary aluminum columnar grains
growing in the direction of thermal gradients amdergranular eutectic structure composed of
aluminum and thin branched silicon network was oles (Figure 1). Occasionally, internal oxide
layers were observed, characterized by an enrichofévig, with respect to the matrix (Figs. 1 and
2). EDXS analyses revealed that even if possibigesdg could evaporate during SLM process,
detectable amount is still present in the processaigrial.

In Figures 3 the wetting behavior of the SLMed M8isample on AlO; substrate measured under
vacuum conditions as a function of time and tentpegais shown. After about 2-3 minutes from
the beginning of the test, the sample started tth atel~ 800 °C, but almost simultaneously the
surface of the sample stopped emitting, startedlisgyeand rapidly imploded. During this short
period of time, a high instability of collected dawas observed. After about 5 minutes from the
beginning of the test, at ¥ 1100 °C, the sample started the wetting proceasiagith an initial

contact angle value of 140°. Thereafter, the canaagle decreased very rapidly to an average



value of about 88° which remained constant ungl émd of the test, with a variation of about 9 -
10°.
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Figure 3. Contact angle versus time of SLMed AISiMg allayAl,O3; substrate under vacuum (P=
102 Pa).

The evolution of the sample during the test is shawFigure 4.

t=0 min; T=25°C t=3 min; T=Tm t=4 min; T=1000°C t=6min; T=Tf t=30min; T=T¢

Figure 4. Evolution of the SLMed AlSiMg sample on &) substrate during the wetting test

shown in Figure 3 (t= time;J= melting temperature;¥ final temperature).

The solidified sample on the alumina substrater dffte wetting test is shown in Figure 5. The low

shining indicates the possible formation of surfaxele.
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Figure5. Lateral (a) and top (b) views of the AISiMg dragidified on the A}O3 substrate after
the wetting test under vacuum.

The sample was then subjected to SEM-EDXS chaiaatem. In Figures 6 and 7, micrographs of
the drop surface of the AISiMg after the wettingttander vacuum condition, are shown. Typical

features are highlighted and corresponding EDX%yaaa are reported.

kev kev

Figure 6. SEM micrograph of the surface of the AISiMg dsmpidified on the AJO; substrate after
the wetting test under vacuum condition, lower pathe specimen. Typical features are
highlighted in the micrographs and correspondingKB2nalyses are reported: 1- blocky aluminum
oxides, 2- iron rich particles, 3-silicon partigldssmall globular nitrogen rich aluminum oxides.



SU70 10.0kV 14.2mm x5.00k SE(L)

Figure 7. SEM micrograph of the surface of the AISiMg dempidified on the AlO; substrate after
the wetting test under vacuum condition: leaf lk@des are visible, together with Silicon particles

emerging from inside.

In order to define the chemical composition of de¢ected compounds with different morphologies

and dimensions the EDXS analyses were performeely ¢an be grouped as follows:

blocky aluminum oxides: already visible at low médigation, having size of several
microns (Figure 6, spectrum n. 1);

- leaf-like aluminum oxides: very thin and detectadatdy at higher magnification (Figure 7);

- smooth polygonal shapes: they are mostly Silicatighes that solidifies before the rest of
the specimen, (primary silicon), and consequentfy sn place while the rest of the
specimen solidify and retire (Figure 6, spectrur8)n.

- small globular aluminum oxides: they were obsernvethe lower part of the specimen and
exhibit an unusually high nitrogen content (FigGrespectrum n. 4).

Moreover, small iron-rich phases can be observedugh BSE micrographs close to silicon
particles (Figure 6, spectrum n. 2). EDXS analydidsnot reveal the presence of magnesium and
/or magnesium oxide neither on the surface of geeisnen, nor on the surface of the alumina base.

The results of the EDXS analysis suggest that wies observed during the first 5 minutes of



testing was most of Mg leaving the liquid drop gmdducing the implosion. This can be attributed
to high Mg vapour pressure [31]. Until now therengsdata on Mg vapour pressure over liquid Al-
Si-Mg alloys, but the corresponding data for lig@ldMg alloys with Mg-content varying between
0.035 and 88.7 at %, obtained in the temperaturgeraf 449-913 °C by the Knudsen effusion
method have been reported by Moser et al. [32]. Agrtbe data reported in [32], that one related to
the Al-0.444Mg (in at %) at T= 837 °C, indicatinggMrapour pressure of 18.59 Pa, may be
considered as an estimate for Mg vapour pressutieeoSLMed AlISiMg (Al-9.64Si-0.45Mg, in at
%) having almost the same Mg-content. In additidaring the measurements of Mg vapour
pressure, due to lost vapour, the depletion of Migtent resulted in changing Al-Mg sample
compositions was found [32]. Similar findings wesbserved in the present study along with

concomitant effects of Mg-vaporisation and Al-oxida (Figure 8).

Thereafter, the sample composition, was reduceababwith nearly only Al and Si, exhibiting the
wetting behavior very similar to that observed tfog Al-12.6Si (wt%) alloy with comparable final
contact angle values [22].

Further, in Figure 8 a low magnification SEM micragh is shown, where the microstructure of the
sectioned AISiMg alloy is comparable to that ofanwentional binary cast alloy [33]. Needles of
eutectic Al-Si is clearly seen, highlighting thecnaistructural variation occurred during the wetting
test in comparison to the microstructure of thegiaal alloy (Figures 1 and 2). Additionally,
oxidized regions with some residual Mg could beeditd. The EDXS analyses performed on
selected zones of the sample clearly highlighthb)Al matrix; c) the presence of Al-Mg oxide and

d) the eutectic Al-Si.
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Figure 8. SEM image of the sample’s section, showing the EDXeasurement areas (a); EDXS
spectra representative of the three regions (b-d).

Different wetting behavior was observed during test performed under the Ar- atmosphere. In
this case, by increasing the temperature, the abyple started to show a moderate swelling
followed by a sudden shrinkage while maintainingjrailar shape to the initial one. In contrast to

the previous case, no wetting occurred. Figured®vsithe temporal evolution of the sample during

that test.

=

t=0; T=298 K t=3 min; T~ Tm t=18 min; T> Tm t=30 min; T~ Ts
Figure 9. Evolution of the SLMed AISiMg alloy on AD3 substrate during the wetting test

performed under Ar- atmosphere (t= timg; 3 melting temperature;¥ final temperature).



Figure 10 shows the solidified sample just extrdcke®m the furnace at the end of the test
performed in Ar-atmosphere. The specimen appedredgdy oxidized. The surface of the sample
and the nearby alumina substrate were both cowsredthick layer of oxides. On visual inspection,
the surface of the substrate shows different calwdgcating oxides of different shapes: a dense
forest of branched and leaf-like filaments of osid@e present closer to the sample, while the

oxides furthest from the sample are in minor qugrmind show a rounded shape.

1

\

(MY

Figure 10. Image of the SLMed AISiMg sample solidified orny@4 substrate, after the wetting test
performed under Ar- atmosphere.

The surface of the solidified alloy sample depidteé&igure 10, has been analyzed by SEM/EDXS.
The morphology of the sample indicates some mategularities, absent in the sample tested
under vacuum. The shape is quite irregular: mosthefsurface is covered by a thick layer of

micrometric and even thinner oxides, characteribgdirregular shapes, such as filaments and

crystals as shown in Figure 11.
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Figure 11: Micrographs of the drop surface of SLMed AlSiMpg on Al,O3 substrate after the

wetting test performed under Ar- atmosphere lovit)(Bnd high (right) magnification.

On the other hand, on the surface oflsubstrate, the presence of at least two types iokeex
was detected: aluminum oxide with generally hexaj@mape, as indicated by EDXS analysis
showing peaks only from Al and O (spectrum 1 inufég12), and mixed aluminum and silicon
oxide (spectrum 2 in Figure 12), having irregulaages, similar to filaments, decorated by leaves

and pearls.
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Figure 12. SEM image of the AD; substrate after the wetting test performed under A

atmosphere; spectrum of the polygonal aluminumexid) and the thin mixed Al-Si oxide (2).

It is well apparent that the two atmospheres predua strongly different oxidation. A rough
estimation of oxygen partial pressure in the tweesaindicates that these values differ by three
orders of magnitude. If we assume that the residumbsphere is composed of air, for the evacuate
chamber a maximum of 2xE@Pa of oxygen could be present, that is far lolantthat in the case

of Ar filled. In the latter case possibly up to L 2a of oxygen could be present (residual oxygen i
Ar gas, and eventual remnant of air in the chamI&ir)dies about oxidation of aluminum [34-35]

show that aluminum oxide formation is quite enhanicethe range 950-1250°C, where metastable



Gamma-A}Os is formed, and become slower at higher temperawinen stable alfa-AD; forms.

In contrast, wetting experiments conducted in vatuatmosphere, evidence that at higher
temperatures AD; film disappears [23]. Due to the paucity of thettaility data of the AlSiMg
alloys, the comparison with the few available daftahe Al-Si system is necessary. Altought the
wetting behaviuor of Al-Si alloys on AD; substrate was less investigated than that of Allg@s,

the contact angle values of Al-Si alloys on®d substrate as a function of composition are redorte
by Shen et al. [25]. From the data available in,[#% contact angle valu&= 73° at T=1450 °C
was extrapolated for Al-12.6Si eutectic alloy [18hat agrees with the contact angle value
measured in this work under a vacuum at T=1100°s Value is also consistent with those
reported in the literature, taking into account tependence on temperature and the segregating
effect of Si. Their effects on the surface progartare discussed in the next sectibhe poor
wettability observed in test carried out under waouhas to be attributed to surface oxidation
which, as is well known, strongly influences théndg@our of the triple line [21]. In addition, the
effect of mass exchanges between liquid and wor&ingpsphere under stationary conditions [19]
allowing to determine the effective oxygen pressatravhich the oxidation of the metal becomes
evident, have to be considerdd.the particular case of Al, experimental res{88] indicated that
oxidation—deoxidation transitions occur at valugghér than the thermodynamic ones, owing to the
non-negligible contribution of the linked oxygentire form of AbO volatile oxide. During heating,
once aluminum melts, if the oxide layer is suffidlg thick, it may prevent the wetting of liquid
aluminum on the substrate, and an irregular shapeaintained. It is known that the presence of
Al,O3; as well oxygen in the atmosphere help stable féammation for aluminum melt [37].
Accordingly, under the operating conditions appiredhis work, the oxidation regime seems to be
always established. In fact, in the test under vagualthough the Knudsen regime was set [24], the
de-oxidation conditions were not achieved. The &mosphere seems to contain sufficient oxygen
amount to stabilize the oxide film, and eventualtyoxidize evaporated AD as well as other

evaporated elements (Al, Si). This results in tirenfation of oxides outside the specimen that then



freeze on the substrate surfaceAl,Os; granules with hexagonal shape were easily founthen
substrate, together with aluminosilicates and nealsly mullite, (3A03-2Si0, or 2AL0s-SIO,)

[38, 39], that possesses orthorhombic structuresagdnerally found in ceramics as filaments.

3.2 SQurface tension and segregation calculations

In multicomponent liquid alloys, the alloying elemtg with lower surface tensions have twofold
effects on their surface properties: an enrichnoérihe melt surface by the atoms of tensioactive
elements and a decrease in the surface tensiom @fay. In the case of the Al-Si-Mg system, the
surface tension reference datasets of liquid Alar& Mg [40] indicate Mg and Si as tensioactive
elements. Therefore, as a rule, the segregatiddgadnd Si-atoms to the surface of liquid Al-Si-Mg
alloys can be expected, as it was observed expetathe for the SLMed AISiMg (Figure 1 and
Figure 2). Due to a very low content of Mg in theMed AISiMg (Al-10Si-0.4Mg, in wt %; Al-
9.64Si-0.45Mqg, in at %) alloy, its surface propestiwere further analysed using the model
predicted values of the Al-Si system composed oéAd Si major alloying elements [41]. To this
aim, the surface tensiomw)( of liquid Al-Si alloys was calculated by the Batlmodel [18], as

follows:

o= o+ n (%) +rlEea ey -6 re)]  (=AB (Eq. 1)

whereRr, S;, C?, C§, G'*", G** are gas constant, surface area, composition artihlpaxcess
Gibbs free energy of a componeénh the bulk and surface phases, respectively. 8inergetic

terms have the same functional form; both are teatpee and composition dependent &did* is
proportional toGixs'b by means of reduced coordination, expressed asratie between the

coordination numbers of the surface and the bulksphTo calculate the surface tension and the

surface segregation isotherms, the Gibbs free gra@drthe Al-Si liquid phase [42], molar volume,



structural data [40] and the surface tension dathe pure components Al [43] and Si [44] were
taken as input data. The effects of Mg on the sertension and the surface segregation of the
SLMed AISiMg alloy were evaluated by comparisonhiite corresponding values of the Al89.91-

Si10.09 alloy having the same Al-content as th® 8KSi-0.45Mg (Figure 13 and Figure 14).
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Figure 13. Surface tension isotherms of liquid Al-Si alloydaulated for T=1100 °C (full line —
Butler's model; dashed line — the ideal solutiordelptogether with the literature data () [45].
For a comparison, an estimation of the surfacadars the Al-10Si-0.4Mg (Al-9.64Si-0.45Mg, in
at %) given by the surface tension calculated vafube Al89.91-Si10.09 (line 1 — compositional
location of the AlI89.91-Si10.09 alloy).

The surface tension of the Al89.91-Si10.09 caladdbr T=1100 °C by the Butler modelas=
836mN /m (Fig. x1a, linel), while for the AI90-Si10 alloyith slightly different composition, the
experimental value ofoc = 870+ 43mN /m having the experimental error of 5 % was reported
[45]. To the best of our knowledge, the Al-Si-MgBm has no ternary compound [46, 47] and, as

in the case of its basic Al-Si binary subsystenmay be assumed that the realistic surface tension



values of these ternary alloys are lower than tladsbeir ideal mixture. A rough estimate of the
surface tension of the SLMed AISIMg can be caladatising a weighted sum of the surface
tension reference values each multiplied by theesponding content of the alloying element.
Considering the surface tension data of liquid A1][ Si [ 44] and Mg [31], for the AI-9.64Si-

0.45Mg at T=1100 °C, the value @f= 842 mN/m is obtained.

Therefore, an estimation of the surface tensioth@fSLMed AISiMg equal te = 835mN/m may

be considered as reliable.

The calculations of the surface segregation ofidicAl-Si alloys indicate for all alloy compositions
and temperatures the enrichment of the melt byt®@na [18], as it was also experimentally
observed by the microstructural analysis, perforafer the wetting tests on the SLMed AlISiMg /
Al,O3 couple (Figures 1,2 and 8). The degree of Si-gedi@n is temperature dependent, and at

T=1100 °C is not pronounced (Figure 14).
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Figure 14. Surface segregation isotherms of liquid Al-Si ydl@alculated for T=1100 °C (full line

— Butler's model; dashed line — the ideal solutioodel). For a comparison, an estimation of the

surface enrichment of the Al-10Si-0.4Mg (Al-9.64545Mg, in at %) given by the corresponding
value of the AlI89.91-Si10.09 alloy (line 1 — compiosial location of the Al89.91-Si10.09).



The energetics of metal/ceramic systems charaeteby non-reactive wetting is defined in terms
of the contact angle and work of adhesion. In otdexvaluate the energetics of the liquid Al-10Si-
0.4Mg/ AlL,O3 system, the first step is to calculate the int@éaleenergy §, s) between the liquid and
the solid phase. To this aim, the new experimasadatact angle value, the predicted surface tension
value of the Al-10Si-0.4Mg and literature data bé tsurface energy of solid A); [48] were
inserted into Young’s equation [28] resultingdpy = 1.371//m?. The work of adhesioW, =
0.874 J/m? is obtained by Dupre’s equation [28]. The valobgained for this system are of the

same magnitude as those found for similar syst@mis [

4. Conclusions

The study of the behavior of Al-10Si-0.4Mg (wt. &)oy, produced by SLM, at high temperature
by performing wettability tests on AD; substrates under different environmental conditibas
been carried out. The results obtained and theysemlof surface morphology and microstructures
of the processed samples lead to the following lo@mns:

- Poor wettability with high instability of the ctatt angle values under vacuum conditions was
observed. In Ar- atmosphere, despite the puritthefgas associated with the presence of reducing
elements such as the graphite susceptor, no relabitact angle data have been obtained due to the
strong surface oxidation.

- Evaporation of Mg and the consequent microstmattvariation occurred during the wetting tests
under a vacuum, lead to a microstructure of theMdfSalloy comparable to that of a conventional
cast binary alloy;

- Accordingly, the wetting behavior of AlISiMg allaynder vacuum is very similar to that observed
for the Al-12.6Si (wt%) alloy under the same opeeatconditions, with comparable final contact

angle values;



- Surface properties of the Al-10Si-0.4Mg can baleated by Butler's equation and are very close
to those of the reference Al-Si binary alloy;

- In order to reduce/prevent the strong tenden@xidation of Al-based alloys which represents
one of the main obstacles to the widespread usé-lodsed alloys for the SLM process in AM, an

implementation of the SLM process by control anditoring of the oxygen content is required.
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Table 1. Chemical composition of the AISi10Mg powder (@)

Si

Mg

Cu Ni Fe

Mn

Ti

Al

10

0.4

<0.25 <0.05| <0.25

<0.1

<0.15

bal.

Table 2. Process parameters used for the realizationeoAl8i10Mg samples

Process parameter

Value

D

Average power

300 W

Exposure time

120 ps

Spot size

130 pm

Layer thickness

25 um

Building temperature

25°C

Point distance

130 pm

Hatch distance

140 pm

Atmosphere

Argon
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Figure 1. SEM image of SLMed AISiMg showing the points foDXS measurements; 1-
representative EDX spectra of the Al matrix, 2- dedlular Si rich network, and 3- a thin oxide
layer with also Mg. Spectra were cropped at theesaount number in order to highlight the

difference between Si, O and Mg relative content.

Figure 2. Cross section of the SLMed AISiMg alloy indicafithe presence of oxides layers
surrounding previous melting pools or balling lidileft); EDXS compositional analysis related to
the points 1-2. Spectra were cropped at the sammet cumber in order to highlight the difference

between O and Mg relative content (right).

Figure 3. Contact angle versus time of SLMed AISiMg alloy Al,O3 substrate under vacuum (P=
102 Pa).

Figure 4. Evolution of the SLMed AISiMg sample on &) substrate during the wetting test
shown in Figure 3 (t= time;J= melting temperature;¥ final temperature).

Figure5. Lateral (a) and top (b) views of the AISiMg drapidified on the A}O; substrate after the
wetting test under vacuum.

Figure 6. SEM micrograph of the surface of the AlISiMg dsapidified on the AJO; substrate after

the wetting test under vacuum condition, lower paftthe specimen. Typical features are
highlighted in the micrographs and correspondingcal EDXS analyses are reported: 1- blocky
aluminum oxides, 2- iron rich particles, 3-silicparticles, 4-small globular nitrogen rich aluminum

oxides.

Figure 7. SEM micrograph of the surface of the AISiMg dempidified on the AJO; substrate after
the wetting test under vacuum condition: leaf lkedes are visible, together with Silicon particles

emerging from inside.

Figure 8. SEM image of the sample’s section, showing the ED®¥easurement areas (a); EDXS
spectra representative of the three regions (b-d).

Figure 9. Evolution of the SLMed AISiMg alloy on ADs; substrate during the wetting test
performed under Ar atmosphere (t= timg, 3 melting temperature;:¥ final temperature).



Figure 10. Image of the SLMed AISiMg sample solidified on,®@4 substrate, after the end of the
wetting test performed under Ar atmosphere.

Figure 11. Micrographs of the drop surface of SLMed AISiMipg on Al,O5; substrate after the
wetting test performed under Ar atmosphere lowt)kfid high (right) magnification.

Figure 12. SEM image of the AD; substrate after the wetting test performed under A
atmosphere; spectrum of the polygonal aluminumesid.) and the thin mixed aluminium-silicon
oxide (2).

Figure 13. Surface tension isotherms of liquid Al-Si alloyaaulated for T=1100 °C (full line —
Butler's model; dashed line — the ideal solutiondep together with the literature data () [45].
For a comparison, an estimation of the surfacedars the Al-10Si-0.4Mg (Al-9.64Si-0.45Mg, in
at %) given by the surface tension calculated valuine Al89.91-Si10.09 (line 1 — compositional
location of the AI89.91-Si10.09 alloy).

Figure 14. Surface segregation isotherms of liquid Al-Si ydfl@alculated for T=1100 °C (full line

— Butler's model; dashed line — the ideal solutivodel). For a comparison, an estimation of the
surface enrichment of the Al-10Si-0.4Mg (Al-9.64545Mg, in at %) given by the corresponding
value of the AlI89.91-Si10.09 alloy (line 1 — compiosial location of the Al89.91-Si10.09).



Highlights

Vaporization of Mg in AlISiMg alloy is highlited

Wettability of binary AlSi and SLM ASiMg alloys show comparable contact angles value
Strong surface oxydation under Ar athmosphere at high temperature in SLM produces
oxide layers at solidified melting pools interphases
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